To the Editor,

We report a 29-year old male, third-born child of healthy, non-consanguineous parents. At three months of age he presented with impetigo, microcytic anaemia (haemoglobin 8.5 g/dL) and splenomegaly. Further infections in infancy included skin infections (*Staphylococcus aureus* and *Streptococcus pneumoniae*), respiratory tract infection (RSV, *Haemophilus influenzae* and *S. pneumoniae*) and herpetic mouth ulcer. Neutropaenia was noted at 17 months. Bone marrow examination showed left-shifted leucopoiesis and maturation arrest. Serial neutrophil counts did not support a diagnosis of cyclic neutropaenia, anti-neutrophil antibodies were not detected and NitroBlue Tetrazolium test of the neutrophil oxidative burst was normal. He had chickenpox aged 4 and molluscum contagiosum age 6, both without sequelae.

Assessment of his immune system at age 16 showed low IgG and IgM with low B-cell numbers (Supplementary Table 1). Immunoglobulin replacement was commenced and he remained relatively well until age 28 when he presented with a two-week history of fatigue, sore throat, fever and productive cough. He had increased splenomegaly and EBV viraemia (2.3 × 10^6^ IU/mL). CT imaging of his chest, abdomen and pelvis was initially felt to be consistent with acute EBV infection, but he continued to deteriorate with high fevers and cytopaenias. CT-PET scan was performed. In addition to the changes expected with acute EBV infection, this showed patchy areas of increased uptake in the spleen, porta hepatis and bone marrow. A bone marrow trephine biopsy confirmed the diagnosis of EBV-driven lymphoproliferative disease ([Fig. 1](#f0005){ref-type="fig"}A, B). He was treated with chemotherapy, but EBV remained detectable at high level in peripheral blood (6.6 × 10^5^ IU/mL) and he proceeded to undergo an allogeneic stem cell transplant (SCT) from an unrelated donor. Following his transplant EBV became undetectable in the peripheral blood, but the procedure was complicated by CMV reactivation, hepatic veno-occlusive disease and failure to engraft. A second allogeneic SCT engrafted successfully but recovery was complicated by multiple infections and he died age 29.Fig. 1A: PET-CT scan demonstrating active disease on both sides of the diaphragm and marrow involvement.i) Single slice coronal low dose CT image.ii) Single slice coronal attenuation corrected PET image.iii) Fused CT and PET images (i and ii).B: Bone marrow trephine biopsy immunostains: i) PAX5 ii) EBER.C: Pedigree diagram, showing co-segregation of ADA2 variants (N370K and R169Q) and ADA2 activity (measured at Viapath, Purine Research Laboratory, St Thomas\' Hospital; in brief sera incubated with adenosine and ADA1 inhibitor for 3 h, products (inosine and hypoxanthine) separated and measured by high performance liquid chromatography; adult normal range in plasma 8.7--30.0 IU/L). Arrow indicates proband.D: Sanger confirmation in i) Mother ii) Father.i Mother: Top row shows wild-type sequence. Lower row shows change from G to A at position 506 in the mother changing the codon from CGG (Arginine, R) to CAG (Glutamine, Q): c.506G \> A, p.R169Q.ii Father: Top row shows wild-type sequence. Lower row shows change from C to A at position 1110 in the father changing the codon from AAC (Asparagine, N) to AAA (Lysine, K): c.1110C \> A, p.N370K.Fig. 1

His older brother required regular red cell transfusions, developed neutropaenia in early childhood and had recurrent HSV and warts. Aged 5 years after 2 days of vomiting and diarrhoea he had a sudden hypotensive collapse and died. Post-mortem findings included necrotic caecum and ascending colon with submucosal oedema and gas bubbles. Abundant Gram-positive bacilli were identified as *Clostridium septicum* by specific immunofluorescence and cause of death given as septicaemia secondary to neutropaenic enterocolitis.

His sister is healthy and well.

His younger brother was anaemic at birth (8.6 g/dL) and had intermittent neutropaenia. He commenced immunoglobulin replacement for hypogammaglobulinaemia and was diagnosed with intestinal vasculitis on angiogram age 12. He was treated with methylprednisolone and infliximab with some improvement. He had an unrelated donor haemopoietic SCT at 14 years of age complicated by significant graft vs host disease (EBV-negative prior to transplant). He had good immune reconstitution and is fit and well.

Targeted sequencing of 279 IUIS 2015 genes \[[@bb0005]\] associated with immunodeficiency (GRID panel) \[[@bb0010]\] identified rare heterozygous variants in 3 genes associated with autosomal recessive immunodeficiency: (single variants in *CR2* and *STXBP2*, two in *ADA2*). Sanger sequencing of the parents, unaffected sister and all three affected brothers confirmed compound heterozygosity of the two *ADA2* variants in the proband and his affected siblings, whilst the unaffected sister did not inherit either of the two variants ([Fig. 1](#f0005){ref-type="fig"}C). The c.506G\>A, p.Arg169Gln (R169Q) inherited from the mother is the commonest ADA2 mutation found in European Caucasians and has been identified in multiple homozygous and compound heterozygous cases of ADA2 deficiency \[[@bb0015]\]. The c.1110C\>A, p.Asn370Lys (N370K) inherited from the father was previously reported as N328K (different transcript) in two siblings with predominantly cutaneous features \[[@bb0020]\]. Whole genome sequencing of the proband and analysis of the coding regions according to ACMG guidelines \[[@bb0025]\] did not identify other potentially causal autosomal recessive or X-linked genes, including those described more recently as associated with EBV susceptibility \[[@bb0030],[@bb0035]\] or the additional recessive genes in the IUIS 2019 list \[[@bb0040]\].

ADA2 activity was consistent with a diagnosis of ADA2 deficiency in affected family members ([Fig. 1](#f0005){ref-type="fig"}C).

ADA2 deficiency was first reported in two parallel publications in 2014 in association with polyarteritis nodosa, vasculopathy and early-onset stroke (reviewed in \[[@bb0015]\]). It has since been reported in association with antibody deficiency without vasculitis, enteropathy, red cell aplasia, lymphadenopathy, splenomegaly and hepatomegaly in addition to the cytopaenias, neurological, cutaneous and vasculitic features initially described \[[@bb0045]\].

ADA2 is predominantly expressed by monocytes and other cells of the myeloid lineage. It converts adenosine to inosine and deoxyadenosine to deoxyinosine. It has approximately 100-fold lower affinity for its substrates than ADA1 (deficiency of which causes a SCID phenotype). It also differs from ADA1 in being predominantly secreted rather than intracellular. ADA2 is most active at acid pH, at sites of inflammation and tissue hypoxia \[[@bb0050]\]. Three patients homozygous for R169Q with lymphoproliferation have recently been reported: 2 with T-cell large granular lymphocytic infiltration of the bone marrow at 17 and 31 years of age and a further patient with lymphadenopathy and T-cell hyperplasia in the bone marrow at 4 years of age \[[@bb0055]\].

High serum ADA2 activity has been detected in a number of infectious, inflammatory and malignant diseases but was particularly increased in infectious mononucleosis \[[@bb0060]\]. This is the first description of EBV-driven lymphoproliferative disease in ADA2 deficiency. The prototypical primary immunodeficiency associated with unique susceptibility to EBV-induced disease is X-linked lymphoproliferative disease (XLP1). Other primary immunodeficiencies manifesting as severe EBV-induced disease are associated with susceptibility to a broader spectrum of viruses and are associated with mutations in genes including *XIAP*, *ITK*, *MAGT1*, *CORO1A*, *CD27*, *CD70*, *NFKB1* and *RASGRP1* which code for proteins involved in the interaction between CD8^+^ T-cells and B-cells and/or intrinsic T-cell signalling pathways \[[@bb0030]\]. EBV susceptibility is also a feature of monogenic NK cell disorders including CD16 deficiency, MCM4 deficiency and GATA2 deficiency.

Two unrelated patients with missense mutations in 4-1BB, persistent EBV viraemia and EBV-induced lymphoproliferation were recently described. The CD8^+^ T cells of these patients had reduced proliferation, impaired expression of interferon-γ and perforin and diminished cytotoxicity against EBV-infected B-cells \[[@bb0035]\]. Deficiency of ADA2 may lead to increased adenosine binding at A~2A~ receptors. This also leads to reduced T-cell activation, TCR-signalling and reduced cytotoxic activity of CD8^+^ T-cells and NK cells \[[@bb0065]\]. There are four Adenosine Receptors (AR) which belong to the superfamily of G protein-coupled receptors (A~1~AR and A~3~AR are inhibitory; A~2A~AR and A~2B~AR are stimulatory). A recent study found that deficiency of ADA2 triggers adenosine-mediated formation of neutrophil extracellular traps and TNF production. This could be inhibited by recombinant ADA2, A~1~AR or A~3~AR antagonists, or by an A~2A~R agonist \[[@bb0070]\].

This is the first report of EBV-driven lymphoproliferative disease in ADA2 deficiency. The clinical phenotype of ADA2 deficiency is broad and expanding. The variability in severity and heterogeneity of presentation is striking, even in patients with the same ADA2 variants or within the same family. Whole genome sequencing of the proband did not identify other potentially pathogenic recessive variants in the proband. Additional environmental or genetic factors may have played a role in the development of EBV-driven lymphoproliferative disease in this patient but this case raises the possibility that ADA2 deficiency is another primary immunodeficiency that causes susceptibility to severe EBV-induced disease. We would recommend that EBV status and viral load is monitored in patients with this diagnosis and allogeneic SCT is considered at an early stage for patients whose ADA2 deficiency is associated with significant complications.
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